Neonates have greater morbidity/mortality from lower respiratory tract infections (LRTI) compared to older children. Lack of conditioning of the pulmonary immune system due to limited environmental exposures and/or infectious challenges likely contributes to the increase susceptibility in the neonate. In this study, we sought to gain insights into the nature and dynamics of the neonatal pulmonary immune response to LRTI using a murine model.
Introduction
Pneumonia accounts for about 6.3 million deaths per year in children less than 5 years of age [1] . Although death in this age group from pneumonia has decreased over the past decade, it continues to cause significant morbidity and mortality. Childhood death and morbidity from microbe-induced pneumonia occurs most frequently during the first year of life, a period of rapid postnatal lung growth [2] . One possible reason for neonates and infants having greater morbidity and mortality from lower respiratory tract infections (LRTI) is the relative immaturity of their innate and adaptive immune system [3, 4] . A lack of conditioning of their immune response due to a paucity of environmental exposures and/or infectious challenges could affect the timing and intensity of responses that could contribute to the poorer outcomes. A better understanding of the neonatal innate immune response during LRTI is needed to recognize infants at risk for disease progression, to direct therapies and improve short-and long-term pulmonary outcomes.
Infants, who have a significantly higher incidence of death from bacterial and viral pneumonia than older children [5] , have been shown to exhibit decrements in innate immune cell function. Monocytes from neonatal cord blood are deficient in the processing and presentation of protein antigens [6] . In a model of acute lung injury, neonatal mice had little or no induction of lung class II major histocompatibility complex transactivator (CIITA) in response to LRT instillation of LPS. These mice also had impaired induction of MHC class II expression on airway macrophages [7] . In addition, peritoneal macrophages from neonates and cord blood monocytes have also been shown to have lower expression of MHC class II molecules when compared to adult macrophages and monocytes [3, 6, 8] . A less robust innate immune response to pathogen associated molecular patterns (PAMPS) may also alter the neonate's ability to mount an adequate immune response to infection [9] .
This study used an in vivo model, to examine the innate immune response of the neonatal lung to an E. coli-induced lower respiratory tract infection (Ec-LRTI). E. coli was used in this study since it is a common respiratory tract pathogen in neonates and can cause pneumonia in this age group [10] . E. coli has also been shown to be an important pathogen in hospital-acquired pneumonias [11] .
The innate immune system responds to pathogens through activation of toll-like receptor signaling, cytokine/chemokine release, secretion of antimicrobial peptides and recruitment of inflammatory cells into areas of inflammation and damage [12] . We hypothesize that the innate immune response in the neonatal lung is delayed and/or less robust when challenged with E. coli in the lower respiratory tract compared to the responses in the juvenile lung. In the context of this hypothesis we employed animals deficient in the CCL2-CCR2 axis to explore the needed for recruited monocytes to initiate a timely and well-regulated innate immune response in the lungs of neonatal and juvenile undergoing Ec-LRTI.
Methods
Mice: Timed pregnant C57BL/6NJ mice were obtained from Charles River. The adult animals were maintained on an AIN 76A diet and water ad libitum and housed at a temperature range of 20-23°C under 12-h light/dark cycles. All experiments were conducted in accordance with the standards established by the United States Animal Welfare Acts, set forth in NIH guidelines and the Policy and Procedures Manual of the Johns Hopkins University Animal Care and Use Committee.
Ccr2
−/− mice in a B6 background were obtained from The Jackson Laboratory (Bar Harbor, ME). The CCR2 mutation in knockout mice was validated by PCR. Directly observed aspiration of E. coli: Pups were lightly sedated with isofluorane prior to delivery of E. coli (Seattle 1946, serotype O6, ATCC 25922). In this study neonatal (3-4 day old) and juvenile (10-14 day old) mice were given doses ranging from 2.0 × 10 6 to 3.7 × 10 6 CFUs of E. coli in phosphate-buffered saline (PBS) or PBS alone. Forceps were used to gently extract the tongue, liquid was deposited in the pharynx and aspiration of fluid was directly visualized as previously described [7] . Test and control neonatal mice received 10 µl of fluid and test and control juvenile mice received 15 µl of fluid. Quantitative RT-PCR (QRT-PCR) Analyses: Reverse transcription was performed using total RNA and processed with the SuperScript first-strand synthesis system for RT-PCR according to the manufacturer's protocol (Invitrogen). QRT-PCR was performed using the Applied Biosystems (Foster City, CA) TaqMan assay system, as previously described [13] . Probes and primers were designed and synthesized by Applied Biosystems. The GADPH gene was used for an internal endogenous control.
Lung Clearance of E. coli: Mice were aspirated with 2.0 × 10 6
CFUs of E. coli and at 16-18, 21, 24 , or 26 h post-challenge the lungs were harvested and the homogenized tissue was passed through a 70 µm filter, diluted to a total of 3 ml of PBS and spun. The supernatant (10 µl) was plated on tryptic soy agar plates and bacterial colonies were counted after overnight incubation at 37°C. Lung Histology: Lungs were inflated at a constant pressure with warmed 1% low melting point agarose then fixed overnight in a 10× volume of formalin, paraffin-embedded, cut into five-micron sections, mounted on glass slides and stained with hematoxylin and eosin (H & E).
ELISA of Bronchoalveolar Lavage Fluid (BALF): BALF samples were collected by introducing 3 × 100 µl of sterile PBS through a cannula inserted into the trachea. The BAL fluid was centrifuged at 3000 rpm for 10 min at 4°C and the supernatant was harvested and stored at −80°C. − , γδTCR + ) were defined using the above antibody combinations [14] . Intracellular staining for TNF: Cells were isolated from whole lung and 2 × 10 6 cells/well were plated in a 96-well U bottom plate.
Cells were incubated for 4 h with Iscove's DMED-based CTL media with PMA (40 ng/ml), ionomysin (500 ng/ml) and golgistop (1 µl/ml), washed, blocked and stained with markers for 30 min. A second group of cells were cultured in the CTL medium without PMA and ionomysin. Cells were then fixed, permeabilized (eBioscience), and washed. Cells were suspended in FACS buffer and approximately 1 million cells were analyzed from each sample. Anti-TNF antibodies were obtained from eBioscience (#46-7321;clone MP6-XT22). The results represents the data from two independent experiments. Statistics: Differences in measured variables between treated and control groups were determined using Student's t test (two-tailed, equal variance) or Mann Whitney U test. Statistical significance was accepted at p < 0.05. Error bars represent standard deviations unless otherwise noted.
Results

Dose response and survival curves in neonatal mice challenged with E. Coli
Within the dose range used, neonatal mice (3-4 days old) that received 2.0 × 10 6 CFU of E. coli had 100% survival while less than half of the neonates receiving 3.7 × 10 6 CFUs survived to day three post-E.
coli challenge (PEC) (Fig. 1 ). In contrast, 10-14 day old juvenile mice had 100% survival at all three doses (data not shown). Subsequent experiments to study innate responses were carried out with the 2.0 × 10 6 CFU challenge, except where noted.
To assess the degree of pulmonary infiltration of inflammatory cells during Ec-LRTI, flow cytometry was employed to measure the dynamics of CD45 + cells in neonatal and juvenile lungs at 24, 48 and 72 h after challenge. Ec-LRTI induced a significant increase in pulmonary CD45 + cells in both age groups at all three time points compared to the PBS age-matched controls ( Fig. 2A) . The changes in the numbers of CD45 + immune cells was also evident in the alveolar spaces in histological sections of the lungs isolated from neonatal and juvenile mice after E. coli challenge (Fig. 2B ). Supplementary Figs. 1 and 2 presents the data for the total cell counts for the different subsets of pulmonary immune cells in neonates and juveniles PEC. Although both the juvenile and neonatal lungs had significant increases in neutrophils and Ly6C
+ inflammatory monocytes at all three time-points PEC compared to controls, the magnitude of the increase at the earliest time point differed in the two age groups ( Fig. 3A and B).
The juvenile mice had a 7.7-fold increase in lung neutrophils and a 4.8-fold increase in lung Ly6C + monocytes above the age-matched controls at 24 h PEC, whereas neonates experienced a more modest 3.9-fold increase in neutrophils and a 2.9-fold increase in monocytes above their age-matched controls at the same time point. These findings indicate that juveniles may have an enhanced capacity to rapidly recruit neutrophils and inflammatory monocytes into the pulmonary environment in response to E. coli compared to neonates. Interestingly, the highest fold increase in Ly6C + monocytes in the lungs of neonates was recorded at 48 h PEC (5.1-fold above controls) suggesting that, although the mechanisms to recruit inflammatory monocytes in response to E. coli are present in the neonatal lung, the signals required to initiate monocyte trafficking appear to be delayed compared to juveniles. A demonstrable, but variable, expansion in the number of alveolar macrophages occurred at 48 h PEC in both neonates and juveniles and this increase achieved statistical significance by 72 h PEC (Fig. 3C) . While the γδTCR + T cells showed significant increases at 48 and 72 h PEC over controls in both neonatal and juvenile lungs, the number of γδTCR + T cells at each time point did not differ between the two age classes (Fig. 3D ). Taken together these findings indicate that both the neonate and juvenile lung can exhibit a significant innate immune response to Ec-LRTI, however, the trafficking of neutrophils and Ly6C + inflammatory monocytes is delayed in the neonatal lung.
E. Coli clearance from neonatal and juvenile lung
Given the importance of neutrophils and monocytes to the phagocytic clearance of bacterial challenges [15, 16] , we next sought to determine if bacterial clearance from the lungs of neonates differed from that of juvenile mice. At 16-18 and at 21 h post-aspiration of 2.0 × 10 6 CFU, extracts from both neonatal and juvenile lungs contained a similar number of viable bacterial. By 24 h PEC no culturable E. coli were detected from the homogenates from the juvenile lung. In contrast, viable bacteria were still evident from all neonatal lungs through 26 h (juvenile versus neonatal at 24 h, p < 0.017 and juvenile versus neonatal at 26 h p < 0.035) (Fig. 4) .
Chemokine expression in neonatal lungs during Ec-LRTI
Expression levels of genes that encode chemokines previously shown to be involved in cellular trafficking and immune cell activation in murine models of ALI [7, 17] -Ccl4, Ccl5, Cxcl10 and Ccl20 -were measured in the lungs at 24, 48 and 72 h PEC (Fig. 5) . In addition to the role of CCL20 and CXCL10 in trafficking of neutrophils and monocytes to sites of inflammation, these chemokines were of added interest for their direct antimicrobial properties against fungi and bacteria, 
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including E. coli [18] [19] [20] . The highest expression of Ccl4, Ccl20 and Cxcl10 occurred at 24 h PEC in the neonatal lungs (Fig. 5) . In contrast, peak expression of Ccl4, Cxcl10 and Ccl5 occurred at 48 h PEC in the juvenile lungs. At all three time points, neonatal lungs had significantly lower expression of Ccl5 than the juvenile lungs. Of note, lower serum levels of CCL5 has been associated with delayed clearance and prolonged viral shedding with norovirus [21] and an increased risk of bronchopulmonary dysplasia in preterm infants [22] . Taken together these findings indicate that the neonatal lung can induce expression of several chemokines, including those with antimicrobial activities, as early as 24 h after initiation of Ec-LRTI. However, expression of these chemokines declined significantly by 48 h, possibly in response to changes in the activation status of the chemokine-producing cells.
CCL2-CCR2 axis in neonatal Ec-LRTI
One of the main functions of the chemoattractant CCL2 is the recruitment monocytes to areas of inflammation [23] . Since recruited monocytes play a key role in regulated clearance of bacterial challenges, we were interested in examining the role of CCL2-induced monocytes in neonates challenged with live E. coli. Ccl2 expression was measured in whole lung of neonates and juvenile mice and CCL2 protein levels were measured in bronchoalveolar lavage fluid (BALF). Ccl2 gene expression at 24 h PEC was significantly elevated over uninfected, age-matched controls (Fig. 6A) . Of note, the juvenile lungs had substantially higher and sustained expression of Ccl2 at 48 and 72 h PEC compared to the neonate lung (Fig. 6A ). These differences in gene expression were reflected in the amount of CCL2 protein measured in the BALF at 48 h PEC (Fig. 6B) .
Since an intact CCL2-CCR2 axis has been shown previously to modulate inflammation [24] , we were interested in the role of an intact CCL2-CCR2 axis in regulating lung inflammation in neonates challenged with E. coli. To this end, Ccr2 −/− neonatal mice were challenged with 2.8 × 10 6 CFUs of E. coli. Ccr2 −/− neonates had greater mortality than wildtype neonates at this challenge dose (Fig. 7A) , whereas, neither Ccr2 −/− (Fig. 7A ) nor WT (data not shown) juvenile mice experienced mortality after challenge with 2.8 × 10 6 CFUs of E. coli.
Compared to WT neonates, the Ccr2 −/− neonatal mice that survived to 48 and 72 h PEC were found to have larger areas of lung inflammation and lung consolidation (Fig. 7B) . In contrast smaller clusters of inflammatory cells were found in WT neonate lungs at 72 h PEC suggesting a more advanced stage in the resolution of lung infection and inflammation. This observation supports the idea that an intact CCL2-CCR2 axis is needed for the timely clearance of bacteria and to regulate lung inflammation in the neonate during Ec-LRTI.
The changes of expression of several cytokines/chemokines were measured from whole lungs from Ccr2 −/− and WT neonatal mice after the onset of Ec-LRTI. The lungs of Ccr2 −/− neonates were found to have significantly higher Ccl2 expression at 24 h PEC, compared to WT neonates (Fig. 8) . This was not unexpected since recruited CCR2 + monocytes have been reported to down-regulate Ccl2 expression in a negative feedback manner [25] . Of note, lungs of Ccr2 −/− neonatal mice also had a 10-fold increase in lung Ccl20 at 24 h PEC compared to lungs of WT neonatal mice. Higher expression of Ccl2 and Ccl20 has been associated with greater severity of lung inflammation in a COPD model [26] . It was also noted that lung Tnf expression was significantly higher in WT neonates at all time points compared to Ccr2 −/− neonates. In addition, expression of Il6 and Il1β, pro-inflammatory cytokines induced downstream of TNF signaling, were significantly higher in WT neonates at 72 h PEC compared to the Ccr2 −/− neonates. It has been previously shown that early induction of Tnf is associated with improved wound healing [27] . The early induction of lung Tnf and the better survival in WT neonates with LRT E. coli compared to Ccr2
neonates, suggests a possible beneficial link between an intact CCL2-CCR2 axis and the induction of lung Tnf expression in the neonate during Ec-LRTI.
To determine if specific subsets of pulmonary immune cells were producing most of the TNF protein during Ec-LRTI, intracellular levels of TNF were measured in lung-derived CD4 + T cells, CD8 + T cells, and monocytes by flow cytometry at 48 h after initiating Ec-LRTI in neonatal mice. The percentage of CD4 + T cells from the E. coli-treated WT neonatal lungs that were TNF + was not significantly different from the percentage found in the PBS challenged group (Fig. 9) . In contrast, the proportions of TNF + monocytes and CD8 + T cells from the lungs of the E. coli-treated WT neonatal mice were significantly higher than the PBS challenged group. Taken together these findings indicate that the infiltrating inflammatory monocytes and CD8 + T cells produce lung TNF in response to Ec-LRTI and that these cells are in part responsible for the increase in Tnf expression in neonatal lung PEC. 
Discussion
In this study, the pulmonary innate immune response to Ec-LRTI was examined in neonatal and juvenile mice. We found that juvenile mice exhibited more rapid recruitment of neutrophils and monocytes to the lungs in response to Ec-LRTI compared to neonatal mice. We also examined the role of the CCL2-CCR2 axis in modulating lung inflammation and susceptibility to Ec-LRTI in the neonate. In the absence of an intact CCL2-CCR2 axis, neonatal mice had greater mortality and significant up-regulation of lung Ccl20 expression when challenged with Ec-LRTI. These findings suggest that the CCL2-CCR2 axis plays a role in regulating the innate immune response in neonatal lung and influencing the ability to effectively clear bacteria from the lungs. WT neonatal mice were also noted to have a significant up-regulation of lung Tnf mRNA in response to Ec-LRTI compared to Ccr2 −/− mice.
When subsets of pulmonary immune cells were isolated from WT neonatal mice after the initiation of Ec-LRTI, a higher proportion of CD8 + T cells and lung-associated inflammatory monocytes produced TNF compare to the cells from the PBS controls. Taken together, this study demonstrates that the neonatal lung can mount a significant, but somewhat delayed innate immune response to Ec-LRTI compared to juvenile lung and that an intact CCL2-CCR2 axis in the neonate appears to be critical to modulate lung inflammation and improve survival during Ec-LRTI.
The neonatal immune response can be influenced by early life exposures to environmental agents and microorganisms [28] . The adaptive immune response of the neonate is characterized by immature T cell and B cell responses [4, 29] . Consequently the neonate relies more heavily on the innate immune system. Neonates have been shown to elicit both diminished and elevated immune responses to pathogen associated molecular patterns (PAMPS) depending in part on the nature, duration and intensity of the exposure [10, 30, 31] . In vitro studies have reported similar inflammatory responses between cord blood monocytes and adult monocytes [4] . We found that the lungs of neonates challenged with E. coli showed expression of chemokines previously shown to be involved in cellular trafficking and immune cell activation in murine models of ALI [7, 17] , indicating that the neonatal lung has the capacity to generate a timely innate immune response. However, neutrophil and monocyte trafficking to the lung and bacterial clearance was delayed in the neonate compared to the juvenile. It is possible that the more rapid innate response in the juveniles may be due in part, to a more extensive prior exposure to environmental or infectious agents and/or differences in the level and complexity of the lung microbiota, both of which have been shown to influence resident lung immune cells in their ability to maintain homeostasis and respond to microbial challenge [28] . In addition, it is also possible that the persistence of bacteria in the neonatal lungs was influenced by the proportionally greater challenge load based on CFU/gram of body weight. Also, in contrast to the juveniles, chemokine expression in neonatal lungs declined significantly after 24 h, suggesting a negative feedback loop, a loss of the cells producing the chemokines, and/or a change in the phenotype of the responding cells. An increase in production of CCL2 promotes recruitment of CCR2 + monocytes to areas of inflammation. An intact CCL2-CCR2 axis has been shown to regulate inflammation in a lung contusion model [32] . Another study demonstrated the importance of an intact CCL2-CCR2 axis in preventing photoreceptor degeneration [33] . In our study Ccr2 −/− neonates challenged with E. coli exhibited higher expression of lung Ccl2 in the absence of CCR2 signaling, as would be expected [25] . In addition, Ccr2 −/− neonates had markedly higher expression of Ccl20
in the lung at all measured time-points PEC and overall greater mortality compared to WT neonates. CCL20 and its receptor CCR6 are responsible for recruitment of pro-inflammatory Th17 cells, DCs and Treg to sites of inflammation [34] [35] [36] . Elevated CCL20 has been associated with more severe COPD [37] and in the early onset pediatric atopic dermatitis, a Th2/Th17 mediated condition [38] . CCL20 has also been implicated in neuro-inflammation following spinal cord injury through Th17 cell recruitment [39] . Findings from our study indicate an association between an intact CCL2-CCR2 axis and the modulation of lung inflammation through the regulation of CCL2 and CCL20 expression in neonates with acute lung injury. We also noted that expression of Tnf was significantly diminished in Ccr2 −/− neonates compared to WT neonates during Ec-LRTI. It has been reported that the early expression of TNF and IL6 during injury can facilitate wound healing while suppression of these cytokines can impair healing [27, 40] . Chan and colleagues, found that early induction of TNF and CCL2 was associated with migration of neutrophils and bone marrow-derived mononuclear cells into areas of bone injury [27] . They noted improved healing of the bone fracture with early administration of recombinant human TNF, whereas inhibition of CCR2 signaling impaired bone healing. Bone marrow-derived mononuclear cells have also been shown to promote cartilage and diabetic wound healing [41, 42] and attenuate stenosis of tissue engineered tracheas [43] . Taken together, our data supports the hypothesis that an intact CCL2-CCR2 axis is required to optimize the dynamics and effectiveness of a regulated innate immune response that results in timely resolution of microbial challenge in neonatal lungs. One of the limitations of our study is that we examined expression differences of chemokines and cytokines during Ec-LRTI from whole lung tissue. Although mRNA levels derived from whole tissue extracts can be used to generate a provisional cytokine and chemokine profile of the lungs during Ec-LRTI, it is appreciated that for many cytokines transcription does not always faithfully reflect translation and protein production. Although the chemokine transcription levels from neonatal and juvenile lungs largely tracked with changes in the recruitment of the appropriate subsets of immune cells, additional studies, where both transcription and protein production is measured from sorted lung cells will be needed to validate and extend the observations on the magnitude and timing of cytokine production in neonatal and juvenile lungs during Ec-LRTI.
In summary, neonatal mice exhibited a significant delay in certain aspects of the innate immune response during Ec-LRTI compared to juvenile mice. Neonates were also more susceptible to Ec-LRTI in the absence of an intact CCL2-CCR2 axis. Findings from this study help to elucidate the age-related differences in the pulmonary immune response that contribute to the increase susceptibility, morbidity and mortality of human neonates to lower respiratory tract infections.
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